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Abstract. The energy released by the earthquakes occurred
in the seismogenetic area of the southern Kamchatka (Rus-
sia) from January 1977 to December 2004, reveals an in-
crease in the peak energy in the period 1992–1999. This in-
crease is related to the occurrence of seven earthquakes with
magnitude ranging from 6.9 to 7.7; the ﬁrst of these earth-
quakes happened on 2 March 1992 with M=7.1. For many
years, hydro-geochemical data have been collected with a
mean sampling rate of three days, in the form of the most
common ions and gases in the water of deep wells and nat-
ural springs of a network operating in the south area of the
Kamchatka, where the capital city Petropavlovsk is located.
The collected data were analysed and differences in the trend
and in the spectral content of some hydro-geochemical pa-
rameters at the springs were pointed out before and after the
occurrence of the March 1992 earthquake, indicating clear
post-seismic effects. Then an evident increase in the Carbon
Dioxide and in the Hydrogen content appeared practically at
each measurement site during the two-four years preceding
the earthquake, so that long term precursors can be claimed.
Finally, an anomalous decrease in the Carbon Dioxide con-
tent at the springs was revealed two/three months prior the
earthquake, as a middle term precursor. The earthquake on
March 1992 was the event nearest (90–120km) to the mea-
surement sites that happened in last thirty years.
Correspondence to: P. F. Biagi
(biagi@ﬁsica.uniba.it)
1 Introduction
The southern area of the Kamchatka peninsula, where the
capital city Petropavslosk is located, is an active margin
where the Paciﬁc plate subducts beneath the Eurasia plate.
The majority of the earthquakes occur in a zone located off-
shore, 60–100km far from the Paciﬁc coast of the peninsula
(Fig. 1), with focal depths up to 650km. In this zone, earth-
quakes with magnitude (M) greater than 8.0 can take place;
the strongest one in the last decades (M=8.5) happened on 4
November 1952. Earthquakes also occur in the continental
part, but much less frequently than the ones in the previous
zone (Fedotov et al., 1985).
The geochemical Team of the Kamchatka Geophysical
Service, Russian Academy of Sciences, is measuring since
1977, with a mean sampling rate of three days, the content of
the most common ions and gases in water samples collected
in a network composed by six deep (500–2500m) wells and
two natural springs located in the Petropavlovsk area, at a
maximum distance of 50km from the city. In some of the
sites, other parameters, as the ﬂow rate and the water temper-
ature, are also sampled. The wells are here labelled W1, W2 ,
W3a , W3b , W3c ,W4 and the springs are S1 and S2. Their lo-
cations are indicated in the Fig. 1. Here the wells W3a, W3b,
and W3c are indicated as W3a,b,c because they are located at
distances of some hundred meters from each other; for the
same reason, the two springs are marked with S1,2. The W1
well is close to the springs and in Fig. 1 a single mark is used.
In the past, different analyses were performed in order to re-
veal possible correlations between anomalous variations of
the hydro-geochemical parameters and the seismic activity
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Fig. 1. Map of the southern part of the Kamchatka peninsula. Black
squares indicate the location of the six wells and of the two nat-
ural springs. The circles show the epicentres of the seven main
earthquakes occurred in the zone in the last thirty years. Their time
occurrence (day, month, year) and magnitude are indicated, too.
(Bella et al., 1998; Biagi et al., 1999, 2000a, b, 2001a, b,
2003, 2004a, b; Kingsley et al., 1999, 2001). On this sub-
ject here we present a further investigation that has pointed
out clear groundwater chemical anomalies on the occasion of
the March 1992 earthquake (M=7.1).
2 Data analysis
In order to analyse the seismic activity of the southern Kam-
chatka, the seismic catalogue of the Seismological Service
of Kamchatka was used. At ﬁrst, the earthquakes located
in a circle of a radius of 350km around the centre of the
hydro-geochemical network from January 1977 to Decem-
ber 2004, were selected and their k (the logarithm of energy
in joule) values were considered. Then, the ks index pro-
posed by Molchanov et al. (2003) and the ε index proposed
by Dobrovolksky et al. (1979) were evaluated. These indices
are related to the magnitude and to the location of the earth-
quakes. The k, ks and ε trends are reported in Fig. 2 and
all the trends show an increase in the peak energy release
from 1992 to 1999. This increase is related to the occurrence
of seven earthquakes with magnitude around 7.0 and above.
This is in contrast with the previous decade when the seismic
activity was more moderate and only two large earthquakes
occurred with M=6.0 and M=6.5 in 1983 and in1987, respec-
tively. The location, magnitude and time occurrence of the
quoted seven earthquakes are indicated in the Fig. 1. The
ﬁrst one (M=7.1) occurred on 2 March 1992 offshore, at dis-
tances of 90–120km from the measurement sites. It was the
largest event that occurred closest to the hydro-geochemical
network in the last thirty years.
The raw data trends of Cl, Na, Ca and HCO3 ions content
in the water of the spring S2 reported in Fig. 3, show clearly
differentfeaturesbeforeandaftertheMarch1992earthquake
occurrence. Moreover, the same effect appears also in both
N2 and Ar water contents at the same spring (Figs. 4a and b).
In particular, the spectral analysis applied on these data in the
years before and after the earthquake, reveals the appearance
of a strong component with a period of 6 days in the spectra
related to the years after the earthquake occurrence. A differ-
ent feature, that is the appearance in the spectrum of a strong
annual component after the earthquake occurrence, is recog-
nizable also in the trend of the groundwater CO2 content at
spring S1 (Fig. 4c).
The H2 and CO2 contents in the water sampled from the
springs S1 and S2 are shown in the Figs. 5a and b. Evident
anomalous increases in these contents appear during the two-
four years period preceding the 2 March 1992 earthquake.
The analysis of the hydro-geochemical data from the wells
reveals similar increases. As an example, the Figs. 6a and
b show the increases in H2 and CO2 contents at W3b and
W2. At this last well, anomalous variations with the same
duration seem to appear also in the CH4 content and in the
water temperature T.
Finally, the decreases in the CO2 content at the springs S1
and S2, deﬁned by the red arrows in the Figs. 5a and b and
enlarged in the Fig. 5c, can be considered anomalous varia-
tions preceding the March 1992 earthquake with a two/three
months duration.
3 Discussion
At ﬁrst, it must be noted that co-seismic effects cannot be
revealed by the hydro-geochemical data collected in the net-
work since they are sampled on average each three days. So,
among the co-post seismic effects only the post-seismic ones
can be revealed. The evident increase in the content of Cl,
Na, Ca and HCO3 ions shown in the Fig. 3, represent a clear
example of such effects. The fractures and cracks due to
the earthquake, produced the mixing of S2 groundwater with
new water characterised by larger salinity, i.e. larger amount
of Sodium chloride (from the ionic dissociation of which the
Cl and Na ions come) and by a larger amount of Calcium car-
bonate and/or Calcium sulphate (from the ionic dissociation
of which the Ca ion comes). These processes could justify
the increase of the Cl, Na and Ca contents. Then, a greater
groundwater pH value could justify the increase of the HCO3
content. In fact this ion comes from the ionic dissociation in
water of the carbonic acid (H2CO3) and this dissociation in-
creases with increasing pH value (Fornaseri, 1994; Mason
and Moore, 1982).
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Fig. 2. Energy released by the earthquakes occurred from January 1977 to December 2004. The trend at the top reports the k (the logarithm
of energy in joule) values of the earthquakes located in a circle of a radius of 350km around the centre of the hydro-geochemical network
indicated in the Fig. 1. The middle trend shows the values of the ks index and the trend at the bottom the values of the ε index.
Fig. 3. From the top to the bottom: Cl, Na, Ca, HCO3 ions content in the water of the spring S2 from 1977/1987 to 2004. The vertical line
indicates the occurrence of the 2 March 1992 earthquake.
Post-seismic effects can be recognized also in the spectral
content of the geochemical data pointed out in the Fig. 4.
First of all, it must be noted that the period of 6 days, re-
vealed in the spectra of N2 and Ar content at S2 after the
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Fig. 4. (a) At the bottom the N2 content in the water of the spring S2 from 1984 to 2004. The middle and top graphs are the spectra of the
N2 content data in the period 1984–1991 and 1992–2004, respectively. (b) At the bottom the Ar content in the water of the spring S2 from
1984 to 2004. The middle and top graphs are the spectra of the Ar content data in the period 1984–1991 and 1992–2004, respectively. (c) At
the bottom the CO2 content in the water of the spring S1 from 1984 to 2004. The middle and top graphs are the spectra of the CO2 content
data in the period 1984–1991 and 1992–2004, respectively. The arrows indicate the occurrence of the 2 March 1992 earthquake.
earthquake occurrence, cannot be considered as a real period
in the data sets. In fact, taking into account that the data are
collected with a 3 days mean sampling rate, the frequency
corresponding to the period of 6 days is the Nyquist criti-
cal frequency (Papoulis, 1962). According to the meaning
of this frequency we can say that the strong 6 days compo-
nent in the spectra of the Figs. 4a and b is only indicative of
the appearance in the data sets of components with shorter
periods. These short oscillations in the N2 and Ar content
at S2 and the annual variation in the CO2 content (Fig. 4c)
at S1, appearing after the earthquake occurrence, should be
related to meteorological effects (King et al., 1981; King,
1986). It means that the fractures and the cracks produced
by the March 1992 earthquake were able to modify these un-
derground waters from isolated types to ones in contact with
the atmosphere. It must be noted that the post-seismic effects
have been revealed only at the springs, while no modiﬁca-
tions seem to appear in the waters of the wells. This is due to
a different peculiarity of waters in the springs and wells. The
former are characterized by an underground deep circulation
in the zone where the viscoelastic underground medium be-
neath the Koryaksky volcano is present (Biagi et al., 2003);
the latter are connected with the relative aquifers that are lo-
cated in different geological situations. So, the phenomenol-
ogy we observed can be justiﬁed by assuming that the oc-
currence of the March 1992 earthquake produced consistent
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Fig. 5. (a) and (b) The CO2 and H2 contents in the water from 1984 to 2004 at the springs S1 and S2, respectively. The red arrows indicate
the anomalous decreases enlarged in the Fig. 5c. The black double arrows mark the occurrence of the 2 March 1992 earthquake. (c) Zoom
in the anomalous CO2 content decreases at the two spring from December 1991 to March 1992. The dashed line indicates the occurrence of
the March 1992 earthquake.
modiﬁcations mainly in the volcanic underground structure.
It must be noted that not only the post seismic effects of the
March 1992 earthquake could be claimed to justify the pre-
vious modiﬁcations. In fact, some inﬂuence of all the strong
seismic activity during the period 1992–1999 probably oc-
curred.
The variations shown in the Figs. 5a, b, 6a and b can be
assumed as long term precursors of the March 1992 earth-
quake. The most indicative parameter is the groundwater
CO2 content because its variations are strictly connected
with increases of stress. In fact, the CO2 reservoir is the
ground, where the CO2 gas is formed by different processes,
mainly biogenic ones (Mason and Moore, 1982; Fornaseri,
1994). An increase of stress produces an intensiﬁcation of
the micro-fracturing processes and/or changes in the exist-
ing ﬁssures in the rocks surrounding the groundwater. As
a consequence, the CO2 gas escapes from the ground along
new or different directions increasing or reducing its con-
tribution to the groundwater and a variation appears in the
amount of the CO2 dissolved (Heinicke et al., 1995; Biagi
et al., 2004b). So, the long term precursors in the CO2 con-
tent, observed at each measurement site, indicate that a stress
increase happened in the area of the hydro-geochemical net-
work during the two-four years preceding the March 1992
earthquake. The concomitant variation in the H2 content at
each measurement site and the variation both in the CH4 con-
tent and in the water temperature at W2, must be interpreted
as secondary variations related to the general and local un-
derground structural situation of the zone. According to our
opinion, the stress increase took place in a very large area
of the southern Kamchatka and the earthquake happened in
a zone where the breaking point was reached. It seems pos-
sible to connect the quoted stress variation not only with the
March 1992 earthquake but with all the increase in the peak
energy release from 1992 to 1999 pointed out previously. In
such a case several conditions near to the breaking point were
produced and the variations shown in the Figs. 5a, b, 6a and
b were so important because they were related to a larger
phenomenology than the occurrence of a single strong earth-
quake.
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Fig. 6. (a) The CO2 and H2 content in the water of the well W3b from 1988 to 2004. (b) From the top to the bottom, the water temperature
T and the CH4, H2, CO2 content in the water of the well W2 from 1986/1988 to 2004.The vertical dashed lines indicate the occurrence of
the 2 March 1992 earthquake.
The anomalous variations, with a duration of two-three
months, revealed in the CO2 contents at S1 and S2 (Figs. 5a
and b; enlarged in Fig. 5c) can be considered middle term
precursors of the March 1992 earthquake. In a previous
study (Biagi et al., 2000b), more evident precursors of this
type were pointed out at W2 in the groundwater contents of
some ions. It was proposed that some modiﬁcation in the
micro-fracturing processes or in the changes of the existing
ﬁssures, during the ﬁnal stage of the preparatory phase of the
earthquake, brought about the temporary mixing of different
waters. By taking into account the previous explanation of
the groundwater CO2 variations, the CO2 anomalies here we
claimed can be justiﬁed by the same modiﬁcation in the frac-
turing processes.
4 Conclusions
From this study, the following main statements can be
claimed:
a) On the occasion of large (M equal to 7.0 or more) earth-
quakes, post-seismic effects can be observed.
b) These effects do not appear at each measurement site
of a hydro-geochemical network. It means that they are
related to some local phenomenology connected with
the underground structural situation.
c) Long term (some year) precursors seem to appear at
each measurement site of a hydro-geochemical net-
work. Probably, these variations are connected with
large increases of stress and, as precursors, they could
be related to more than one strong earthquake.
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